This multidisciplinary case study of two preserved barrier systems combined the analysis of radiocarbon datings, grain-size distributions, high-resolution seismics, and shelf bathymetry with reconstructions of palaeo-environmental conditions (tides, waves, sea-level change) and forward modelling of barrier-lagoon systems, to provide an integrated view of the coastal transgressive evolution of a large sector of the northern Adriatic shelf between 15 and 8 ka BP. Palaeoenvironmental reconstructions point to increased tidal amplitude, low-energy wave climate and high rates of sea-level rise (up to 60 mm/a) during the formation of the oldest preserved barrier system (not, vert, similar90 m water depth; 14.3 cal ka BP). A younger barrier system (42 m water depth; 10.5 cal ka BP) formed under conditions of lower tidal amplitude, higher wave energy and a lower rate of sealevel rise (10 mm/a).
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(LGM) and 9 ka BP, respectively, was 28 m/a. The rate of transgression was even 188 higher during the two melt-water pulses (Fairbanks, 1989 extended it with data from Fleming et al. (1998) for the interval between 10 ka BP 209 and 8 ka BP (Fig. 3) . 210
211
Reconstruction of a relative sea-level curve applicable to the Northern Adriatic 212 requires that the eustatic signal be combined with information on local subsidence due 213 to tectonics, sediment loading and compaction. Although such information is 214 available for some areas of the northern Adriatic, for instance the modern Po plain, 215 where subsidence rates are locally up to 2 mm/a (Brunetti et al., 1998; Carminati and 216 Di Donato, 1999), there is no comprehensive analysis of vertical movements in the 217 offshore (Pirazzoli, 2005) . In the Venice area, the average subsidence rate over the 218 past 400 ka is estimated to be 0.36 mm/a, based on data from a 950 m deep core (Kent 219 et al., 2002) . About 60 km south of the present Po delta, the Eemian shoreline (~120 220 ka BP) is identified at 120 m depth below the modern coastal plain of Ravenna 221 8 (Amorosi et al., 1999) . This would suggest an average combined subsidence and 222 compaction rate of about 1 mm/a. In the north-eastern part of the Adriatic, however, 223
relative sea level appears to have been stable during the late Holocene (Pirazzoli, 224 2005) . Subsidence rates further to the south are poorly known, but the presence of a 225 palaeo-shoreline (lowstand delta) at ~120 m water depth (Trincardi and Correggiari, 226 2000) indicates that the local sea-level lowstand closely matches the inferred global 227 (eustatic) lowstand of ~125 m below present sea level (Fleming et al., 1998) , which 228 would imply that net subsidence in the area North of the MAD has been negligible. In 229 the absence of detailed information on subsidence patterns of the northern Adriatic 230 shelf, we decided to adopt the uncorrected eustatic sea-level curve as a proxy of 231 relative sea-level history. The corresponding transgression scenario was compared to 232 an extensive set of radiocarbon datings of backbarrier peat (Correggiari et al., 1996a ; 233 Trincardi and Argnani, 2001 , ISMAR, unpublished data) to examine the validity of 234 this assumption (see below). 235 236
Palaeo-tidal regime 237 238
The northern Adriatic is presently characterized by a micro-tidal regime. The lunar 239 semidiurnal M2 tidal amplitude increases from south to North due to a decrease in 240 water depth. Offshore of Venice, the M2 tidal range is about 0.2 m. Locally, tidal 241 ranges may be up to 1 m due to resonance effects in embayments, for instance near 242
Trieste (Bondesan et al., 1995) . Although several models were developed to simulate 243 present-day tidal dynamics in the Adriatic (Malačič et caused the basin to widen and changed its shape (Cattaneo and Trincardi, 1999) . If so, 248 traces of this response may be preserved in the sediments. 249
250
To test this hypothesis, we developed a simple idealized 1-D model for tidal motion, 251 in which the Adriatic Sea was assumed an elongated box and cross-sectional 252 variations in water depth were neglected. The present bathymetry of the northern shelf 253 was used to derive an approximation of the initial (lowstand) topography in the form 254 of a series of line segments (Fig. 4) . This profile represents the water depth along the 255 axis of the basin. In order to properly approximate the basin in 1-D, a transversally 256 averaged effective depth has been used, biased towards the (deeper) parts with higher 257 velocities. The effective water depth D was defined by multiplication of the maximum 258 depth along the central axis by 0.85. In the analytical model, the influence of the 259 Earth's rotation is not taken into account and friction is neglected, which implies that 260 no damping occurs. Because the amplitude of the tidal motion is small and the 261 wavelength is large relative to D, the 1-D linearized shallow-water equations have 262 been used: 263
where The architecture of the middle unit (deposited between 14.8 and 11.3 cal ka BP) 359 reflects a transitional period in which the modern oceanographic circulation pattern 360 was established. Hence, it appears from the stratigraphic data that the counter 361 clockwise current was initiated ~15 ka BP, most likely as a result of the increase in 362 basin size due to sea-level rise (Cattaneo and Trincardi, 1999) . 363 rose. Rates of sea-level rise varied greatly, with two distinct peaks corresponding to 374 melt-water pulses 1A and 1B (Fairbanks, 1989) . 375
The eustatic sea-level curve (Fig. 3) was combined with the present-day bathymetry 376 of the Northern Adriatic shelf along the profile (Fig. 5d ) to reconstruct palaeo-377 coastline positions during transgression (Fig. 5e) . Coastline position has been plotted 378 together with the available radiocarbon dates of backbarrier deposits at the 379 appropriate water depths. All radiocarbon datings cluster about the curve of palaeo-380 shoreline position. Modest deviations from the profile can be observed, which reflect 381 uncertainties in palaeo-water depths of the samples from which the radiocarbon 382 datings were obtained, in conjunction with uncertainties in radiocarbon ages, and 383 local topographic variability, as not all samples are located on the profile (Fig. 2) . The 384 data appear to be fully consistent with the reconstructed shoreline evolution, which 385 justifies our assumption that net subsidence along the profile can be considered 386 negligible (provided the sea-level curve is correct). Although the melt-water pulses 387 13 only represent 3% of the time span for the Late-Quaternary sea level rise, their effect 388 is very significant as an estimated 36% of the northern Adriatic shelf will be affected 389 by these extremely rapid sea-level rises, owing to its low gradient (Fig. 5d) . 390
The radiocarbon datings show that both studied isolated sediment bodies were 391 deposited while the oceanic counter clockwise circulation was already active. This 392 implies that during formation of the barrier-lagoon systems, most of the suspended 393 fluvial sediment supplied to the northern Adriatic coastline was being removed by 394 longshore currents to be redeposited at the south-western part of the inner shelf, with 395 the possible exception of the coarsest fraction, which would have remained behind as 396 a lag deposit. 397 conformably on the pre-transgressive deposits (Fig. 6) . Some channels incise below 408 the peat layer (seismic profile II), whereas the bases of other channels coincide with 409 the peat layer (seismic profile I). Not all channels can be clearly tied to the relative 410 sea-level curve. Lateral-migration features, which are typical for tidal channels (see 411 for example seismic profile II), are not present in channels assumed to have originated 412 during a phase of incision associated with sea-level fall or lowstand conditions 413 (Trincardi et al., 1996) . The seismic profiles also suggest that most of the channels are 414 not filled with sediment. An exception to this is a narrow (<500 m) incised 415 distributary channel of more than 15 m deep that is completely filled transgressive 416 deposits and which presently has no morphological expression (seismic profile IV). 417
418
The heterolithic infilling of the channel ( Fig. 6 ; seismic profile IV) suggests that tidal 419 deposition may have played an important role during this phase of the transgression. 420
The tidal amplification inferred from modelling for this time interval (Fig. 5a) would 421 14 provide a potential scenario for an estuarine infill of this distributary channel. As sea 422 level rose at a rate of more than 60 mm/a (Fig. 3 and Fig. 5 can be traced for about 50 km along the palaeo-coast line (Fig. 2) . Radiocarbon dating 454 of a peat layer at the base of the sand ridge indicates an age of 10.5 ka BP 455 (Correggiari et al., 1996a ) which agrees with the reconstructed coastline position (Fig.  456   5) . The morphological expression of the sand ridge strongly suggests that it is a 457 drowned barrier island (Fig. 2) . Sediment cores (Fig. 8 ) from the sand ridge show a 458 coarsening-upward trend indicative of a barrier environment. Section V (Fig. 8)  459 shows that the sand ridge dips slightly towards the south. Overall the ridges are 460 between 2 and 3 meter thick. Two ravinement surfaces are recognised in the cores 461 (Fig. 8) . The upper ravinement surface (Rs) originates from wave reworking during 462 transgression. The lower ravinement surface (tRs) most likely is caused by migrating 463 tidal channels (Cattaneo and Steel, 2003) . Morphologically, the drowned barrier-464 lagoon system shows similarities to the modern Venice lagoon with its narrow barrier 465 islands and extensive backbarrier area. There is no evidence of a preserved tidal delta. 466
Petrographic composition of the barrier sands indicates a Po-type source (Colantoni et 467 al., 1990) . 468
469
The overstepped barrier chain rests on a 25 km wide sub-horizontal platform. Seismic 470 profiles (IDROSER, 1985 (IDROSER, , 1990 show that small channels filled with sediments of 471 pre-transgressive age dominate the platform subsurface (Fig. 9) . The abundant 472 channel fills, 2 to 5 m deep and 100 to 300 m wide, are all present at the same 473 stratigraphic level. Lateral channel migration is indicated by steeply dipping reflectors 474 (both East and Westward), which represent point bars that are up to 300 m wide (Fig.  475   9) . Locally, channel density is up to four channels per kilometre. The seismic data 476 suggest that the platform may have originated as part of a low-gradient Pleistocene 477 alluvial (braid) plain, but no core data are available to confirm this. The platform is 478 (Fig. 10 ). This bed is followed by an upward-coarsening backbarrier sequence of 493 variable thickness, which is bounded at the top by an erosional surface. This erosion 494 surface represents the wave-ravinement surface. 495
496
The grain-size distributions of the backbarrier deposits below the wave-ravinement 497 surface may be interpreted as mixtures of distinct end-member grain-size populations 498 (Fig. 10) , which appear to be fixed (cf. Weltje and Prins, 2003) . Within each core, the 499 relative abundances of these grain-size populations define overall coarsening-upward 500 trends. These trends reflect the change from a distal to a more proximal backbarrier 501 depositional environment which consistent with a transgressive barrier which in our 502 case is evolves overstepped. 503 504 According to Friedman (1961) characteristics of the grain size distribution (c.f. mean 505 grain size and skewness) can be used to identify sediments that have been transported 506 under different energy regimes and transport conditions. Figure 11 shows cross-plots 507 of skewness and mean grain size for three different facies (sandy shoreface deposits, 508 silty-sandy backbarrier deposits and clayey backbarrier deposits). The cross plot for 509 the clayey backbarrier deposits (Fig. 11A ) appears to be uncorrelated, which is not 510 surprising as these deposits result from suspension fallout in a relatively quiet 511 environment. The cross plot of the silty to sandy backbarrier deposits (Fig. 11B)  512 shows a clear relation between mean grain size and skewness. Inspection of the grain-513 size distributions (Fig. 10 ) reveals that this correlation arises from the mixing of silt 514 and very-fine sand sized populations. This mixing pattern is inferred to reflect several 515 factors: (1) distance from the barrier island, which acted as the local sand source; (2) 516 variability of energy conditions, i.e. fair weather vs. storms (and associated washover 517 deposits), to which the backbarrier is especially sensitive; (3) relative importance of 518 tidal deposition. Samples from the sandy shoreface above the transgressive 519 ravinement surface (Fig. 11C ) display similar phenomena. 520 521 Overall, the sandy backbarrier and shoreface samples (Fig. 11B and C) show a 522 relation between mean grain size and water depth, where the fine grained samples 523 come from the deep water cores while the coarse samples are retrieved from the 524 shallow water cores. This implies that shallow-water shoreface sands are on average 525 coarser-grained than shoreface sands from deeper water (with the exception of 526 samples from core AR 00-45). 527 528
Interpretation 529 530
Our palaeo-environmental reconstruction indicates that the barrier-lagoon systems 531 developed when the counter-clockwise circulation pattern was already well 532 established (Trincardi et al., 1996) . This implies that the suspended sediment load 533 from the Po (the dominant sediment source) was effectively transported along the east 534 coast of the Adriatic Sea where it is deposited in the transgressive sediment wedge 535 (Fig. 1) . It is uncertain how much sand was left behind near the river mouth which 536 would have been a potential sediment source for the barriers. Local transport 537 pathways for the river sand by longshore currents may different from the prevailing 538 oceanic currents. Furthermore, the position of the Po during the Late Quaternary is 539 still poorly known. It is uncertain whether the Po was located to the east or to the west 540 of the barrier-lagoon system. In view of these uncertainties, it is not possible to 541 reconstruct the sediment supply of the barrier-lagoon system from fluvial sources. 542
Nevertheless, cores and seismic profiles suggest that the amount of sand on the 543 Adriatic shelf is low. Between the preserved two barrier-lagoon system, the pre-544 transgressive Pleistocene sediments not covered by transgressive sands which implies 545 that the supply of sand must have been limited or local. The shoreface sand source 546 therefore must be a mixture of fluvial (Po) origin and reworked Pleistocene substrate 547 sediments. If we consider the grain size of the Pleistocene substrate to have been 548 spatially homogeneous and the rate of sediment supply by longshore drift limited, we 549 may assume that the grain-size of the shoreface primarily reflects progressive sorting 550 by continuous reworking (Swift et al., 1991) . Such conditions cause a progressive 551 coarsening of the shoreface, which represents a lag deposit, because fine-grained 552 sediment is moved to the backbarrier area and carried offshore. The latter will be 553 transported along with the prevailing oceanic currents to the transgressive sediment 554
wedge. This suggests that the amount of time available for reworking may be 555 mirrored in the grain size of the shoreface deposits (Guillén and Hoekstra,1996 ). Yet, 556 this is largely dependent on both the grain-size and amount of sediment supplied in 557 18 time by both fluvial and substrate sources. Figures 12A and B show that there is no 558 relation between the rate of sea level rise, which is a function of reworking time, and 559 the grain size of the backbarrier deposits. Nor is there a relation between tidal 560 amplitude, wave climate and the grain size of the backbarrier deposits (not shown 561 here). This suggests that tidal deposition and washover are not significantly 562 influenced by the rate of sea level rise. However, Figure 12C shows an overall 563 negative correlation between the grain size of the shoreface sands and the rate of sea-564 level rise. simulates coastal evolution in cross-section, based on rules for sediment resuspension 579 and deposition at the shoreface, as well as backbarrier deposition (Fig. 13) . Previous 580 applications of the model have shown that BarSim is capable of reproducing the 581 morphological evolution and stratigraphic record associated with retrogradational, 582 aggradational and progradational wave-dominated shorelines. As the model has been 583 described in detail in previous publications, we will restrict the discussion to the 584 implementation of tidal deposition into BarSim. 585 586 BarSim simulates different depositional patterns for storm and fair-weather 587 conditions. Storm conditions, defined by waves exceeding a critical height, last for 588 short periods only, during which washover and shoreface deposition are dominant 589 (Storms, 2003) . geological time scales, we did not attempt to simulate the full complexity of tidal 598 deposition, but restricted ourselves to capturing its essential effects on backbarrier 599 accommodation. In BarSim, the rate of tidal deposition is modelled as a linear 600 function of tidal prism (tidal amplitude × basin width). In the absence of washover 601 processes during fair weather conditions, all sediment resuspended from the shoreface 602 by fair-weather waves is potentially available for tidal deposition. The grain-size 603 distribution of sediments available for tidal deposition is different from the grain-size 604 distribution of the resuspended shoreface sediment. In BarSim, it is assumed that 605 deposition of the sand fraction is limited to the tidal channel, and tidal-flat deposits 606 are much finer grained. Therefore, we assumed as a first estimate that 30% of the sand 607 which is available at the shoreface will can be transported to the backbarrier area 608 based on an evaluation of the overall simulated backbarrier fill grain-size distribution. 609
This number will depend on local conditions, but at present no data exists to tune this 610 variable to real-world examples of tidal deposition. 611 612 Since BarSim is a 2D model that simulates cross-shore barrier behaviour, the cross-613 shore profile should be interpreted as averaged over one coastal cell, thereby 614 including both the shoreface and the tidal deltas areas. Most of the sand transported 615 by the tidal simulation will therefore in reality end up as tidal deltas. 616
617
The upper limit on tidal deposition is determined by the backbarrier accommodation. 618
In case the amount of sediment available for tidal deposition exceeds backbarrier 619 accommodation, the remaining sediment will be redeposited at the shoreface. rises 20 m at a constant rate (Fig. 15) . No extra sediment is added to the simulated 638 system by longshore drift, nor is any sediment deposited by suspension fallout. In 639 Scenario 1, the wave-dominated case, tidal amplitude is zero and transgression occurs 640 by washover deposition exclusively. In Scenario 2, we added a macro-tidal regime 641 (tidal amplitude = 3 m). The modelling results show that rates of transgression are 642 comparable in both scenarios. However, it is apparent from Figure 15 that filling of 643 the backbarrier with predominantly fine-grained sediments is, as expected, much more 644 effective under macro-tidal conditions. The fine-grained sediments are trapped in the 645 backbarrier, implying that erosion at the shoreface is more extensive for Scenario 2 646 than for Scenario 1, in accordance with the closed sediment budget in both scenarios. 647
In Scenario 1, the depth and width of the backbarrier area increase, while the width of 648 the barrier island decreases over time, which will eventually result in a barrier-island 649 overstep similar to Figure 14 The modelling results indicate that the probability of a drowned barrier-lagoon system 659 is inversely proportional to tidal amplitude under conditions of moderate sea-level 660 rise, if all other factors are assumed equal. However, under conditions of prolonged 661 extremely rapid sea-level rise, no barrier-lagoon system is indefinitely stable (Storms 662 and Swift, 2003) . Hence, under extreme conditions, it is to be expected that even tide-663 dominated barrier-lagoon systems can be overstepped. The deep isolated sediment 664 body (Site A) appears to be a case in point. It formed during a period of significant 665 tidal amplification, as indicated by the palaeo-tidal reconstruction. According to the 666 BarSim results, this may have prevented it from being overstepped, unless sea-level 667 rise was extremely rapid. The preserved stratigraphic successions at Site A strongly 668 suggest that a barrier-island overstep did occur in the course of melt water pulse 1A. 669
Thus the inferred rate of sea-level rise during that period (~60 mm/a) would have 670 been too high for the system to maintain a dynamic equilibrium. The high rate of sea-671 level rise also explains why the system was partially preserved, because it limited the 672 time available for wave-reworking of the drowned barrier-lagoon deposits. 673
674
The shallow isolated sediment body at Site B represents an overstepped barrier island 675 in a wave-dominated regime (Fig. 5 ). The rate of sea level rise at the time of overstep 676 was relatively low (~10 mm/a), but still much higher than present-day values. The 677 simulations shown in Fig. 15 illustrate transgression over a planar substrate. In case of 678 the overstepped barrier island in the Adriatic Sea, a low gradient Pleistocene plateau 679 was positioned landward of the island (Fig. 2) . Backbarrier accommodation increased 680 abruptly when sea level rose above the elevation of the plateau. The presence of 681 relatively large tidal inlet-like depressions between the islands (Fig. 2) is consistent 682 with the abrupt increase in backbarrier area. The absence of significant backbarrier 683 deposits seems to indicate that tidal deposition could not compensate the abrupt 684 increase in backbarrier accommodation (Fig. 14) . Barrier-island overstep at Site B 685 was therefore most likely controlled by antecedent topography. 686 687 It is not clear why the barrier-lagoon system at Site B was so well preserved, because 688 the relatively low rate of sea-level rise would have allowed sufficient time for 689 reworking of the drowned barrier-lagoon system by wave activity. A possible 690 explanation may be sought in the uncertainties surrounding our reconstructions of 691 wave climate and local rates of sea-level rise, which controlled the preservation 692
